Abstract: Triacetone triperoxide (TATP), one of the most dangerous primary explosives, has emerged as an explosive of choice for terrorists in recent years. Owing to the lack of UV absorbance, fluorescence, or facile ionization, TATP is extremely difficult to detect directly. Techniques that are able to detect generally require expensive instrumentation, need extensive sample preparation, or cannot detect TATP in the gas phase. Here we report a simple and highly sensitive colorimetric sensor for the detection of TATP vapor with semiquantitative analysis from 50 ppb to 10 ppm. By using a solid acid catalyst to pretreat a gas stream, we have discovered that a colorimetric sensor array of redox sensitive dyes can detect even very low levels of TATP vapor from its acid decomposition products (e.g., H 2 O 2 ) with limits of detection (LOD) below 2 ppb (i.e., <0.02% of its saturation vapor pressure). Common potential interferences (e.g., humidity, personal hygiene products, perfume, laundry supplies, volatile organic compounds, etc.) do not generate an array response, and the array can also differentiate TATP from other chemical oxidants (e.g., hydrogen peroxide, bleach, tert-butylhydroperoxide, peracetic acid).
Triacetone triperoxide (TATP), a high-powered primary explosive first synthesized in 1895, 1 has become well-known during the past decade as an explosive of choice for terrorists.
2 Due to its extreme sensitivity, TATP does not have any practical engineering or military applications. It has been used, however, in at least three major terrorist acts in the past 10 years, 2b in part because TATP is easy to prepare from readily available chemicals (i.e., acid catalyzed reaction of acetone with hydrogen peroxide) 3 but difficult to detect. 4 While several techniques for TATP detection have been developed in recent years 5 and there are several commercial products available, 6 these methods generally require expensive and generally nonportable instrumentation, 7 need extensive sample preparation, 8 are qualitative or have poor limits of detection, 5 or are limited to liquid or solid samples and cannot detect TATP vapor.
9 Hence, the development of an inexpensive, portable, and easy-to-use device for the field detection of TATP remains a high priority. Particularly, on-site detection of TATP vapor would have significant advantages for rapid screening.
In recent years, our group has developed a colorimetric sensor array methodology 10 that has been applied successfully for the identification of a wide range both of toxic industrial gases and vapors 11 and of organic analytes in aqueous liquids. 12 Herein, we describe a colorimetric sensor array for the sensitive and selective detection of the vapor phase of TATP. Owing to the lack of UV absorbance, fluorescence, or facile ionization, TATP is extremely difficult to detect directly: indeed, even redox sensitive dyes are not very responsive to TATP vapor. By using a solid acid catalyst to pretreat a gas stream, we have discovered that a colorimetric sensor array can detect even very low levels of TATP vapor from its acid decomposition products 13 (e.g., H 2 O 2 ) with limits of detection (LOD) below 2 ppb (i.e., <0.02% of its saturation vapor pressure) (Figure 1 and Supporting Information (SI) Figure S1 ).
We have extensively tested a colorimetric sensor array against a wide range of TATP vapor concentrations, using a solid acid catalyst to decompose the TATP in a gas flow to H 2 O 2 . After screening several possible acid catalysts, we chose Amberlyst-15, the acid form of a sulfonated highly cross-linked polystyrene ionexchange polymer; 14 see SI for experimental details and cautions. Using an ordinary flatbed scanner, digital images of an array were acquired before and after exposure to TATP vapor at various concentrations. The red, green, and blue values of each spot in the array were measured before and after TATP vapor exposure, and color difference maps were generated. These difference maps provide a pattern that effectively identifies different concentrations of TATP vapor, as shown in Figure 1b . This colorimetric array is capable of semiquantitative detection of TATP vapor well below 50 ppb. For comparison, the array response to TATP vapor without the use of an acid catalyst is nearly a 100-fold less (SI Figure S3) , and therefore prior redox sensitive dyes have not previously proved useful for the detection of TATP vapor.
9
TATP vapor concentrations were confirmed by in-line analysis in real time using an FT-IR multigas analyzer (SI Figure S4 ). The amount of catalyst required was optimized ( Figure 2) ; Amberlyst-15 proved to be extremely efficient in the decomposition of TATP Color difference maps of TATP vapor at concentrations specified after 5 min (top row) and 10 min (bottom row) of exposure at 50% relative humidity and 298 K. For display purposes, the color range of these difference maps is expanded from 4 to 8 bits per color (RGB range of 4-19 expanded to 0-255). The identity of the nanoporous pigments and a full database of the color differences are given in Supporting Information Tables S1 and S2. vapor, and the observed amount of acetone corresponded to the stoichiometry expected from TATP decomposition (3:1) . These results indicate that Amberlyst-15 is an excellent solid-acid catalyst for TATP vapor decomposition because negligible amounts of TATP vapor or its decomposition products were adsorbed.
To measure the array response at different concentrations of TATP, principal component analysis (PCA) 15 was performed and a two-dimensional plot was obtained ( Figure 3 ) with excellent separation even at low concentrations. In addition, the array's response to changes in relative humidity was negligible, clustering inseparably with the controls.
We next examined the relationship between the total Euclidean distances of the color changes (i.e., square root of the sums of the squares of the ∆RGB values) of the array as a function of TATP vapor concentration. As shown in Figure 4 , after a 5 min exposure time, the total Euclidean distance tracks monotonically with increasing TATP vapor concentration from 50 ppb to 10 ppm. When the data were examined, a linear response was obtained for lower concentrations (Figure 4 inset ). An extrapolated limit of detection based on 3 × S/N of the three largest color changes was 2 ppb after 10 min of exposure, i.e., <0.02% of its saturated vapor concentration at room temperature (∼69 ppm at 25°C). 16 As shown in SI Figure S5 , one may also use hierarchical cluster analysis (HCA) to analyze the color change patterns of the array. Dendrograms are based on the clustering of the array response data in the 48 dimensional ∆RGB color space (i.e., 16 changes in red, green, and blue values). In quadruplicate trials at different concentrations of TATP vapor, there were no misclassifications out of 44 trials, even at the lowest concentrations (50 ppb).
In real world applications, interferents, including changes in humidity, can be highly problematic. With the indicators used in this sensor array, however, only strong oxidants will elicit any response, and therefore the array should be immune to interference from nearly all common chemicals, vapors, or odorants. We have examined a wide range of relevant potential interferents (18 in total) and also the effects of humidity on our sensor array and found no significant response (SI Figure S6) . Common potential interferents might include personal care products typically found in travelers' baggage: e.g., mouthwash, body wash, toothpaste, shampoo, perfume, lotion, liquor, vinegar, laundry supplies, and various volatile organic compounds (e.g., acetone, ethyl acetate, benzene, toluene, and petroleum ether, which are possible volatile components in paints, finger nail polish, etc.). Arrays were exposed at room temperature to these interferents at 5% and 10% of their saturated vapor at 50% RH for 10 min: importantly, none of these interferents invoked any significant response from the sensor array. In addition, no change in the array was observed after 10 min of exposure to a relative humidity (RH) range from 10 to 90% RH compared to 50% RH. The specificity of this colorimetric sensor array for TATP was rationally planned: the array components were chosen to be responsive only to strong oxidants, and thus, our array is indeed insensitive to the presence of nearly all odorants, VOCs, and common potential interferents, or to changes in humidity.
In addition, the shelf life stability and reproducibility are of the utmost importance if these arrays are to be used in practical applications. Exposure of the array to air has no effect for a period of several days. Additional investigations showed that the response of the array to TATP vapor was unaffected by the presence or absence of O 2 in the gas flow. For long-term storage, the arrays are best kept under N 2 , and we observe very little change over 2 months in their response to 1 ppm or 10 ppm TATP vapor (SI Figure 2 . Decomposition of TATP vapor by a solid-acid Amberlyst-15 catalyst. At t ) 0, a gas stream containing 10 ppm of TATP vapor is initiated; no acetone is observed. At t ) 15 min (i), a small Teflon tube containing 20 mg of Amberlyst-15 was inserted quickly into the gas stream, and TATP and acetone were monitored: TATP concentration immediately drops and acetone concentration increases with the expected stoichiometry. At t ) 40 min, the catalyst tube was removed, and TATP returned rapidly to 10 ppm and acetone to 0 ppm. This process was repeated with (ii) 10 mg and (iii) 5 mg of catalyst: as the amount of catalyst was decreased, so did the extent of TATP decomposition. Figure S7) ; practically no variation was observed in the color difference maps, and a tight clustering of data collected regardless of array age was obtained. In addition, three separate printing batches of arrays gave nearly identical results for tests at 1 ppm and 10 ppm TATP vapor (SI Figure S8) , which demonstrates excellent reproducibility for printing of the arrays and their response to TATP.
Finally, it should be noted that our array can also distinguish TATP from H 2 O 2 or other volatile oxidants (e.g., hypochlorite bleach, peracetic acid, and tert-butyl hydroperoxide). As clearly shown in Figures 3 and S9 , there is no confusion in the array response among TATP, H 2 O 2 , Clorox bleach, peracetic acid, or tertbutyl hydroperoxide in sextuplicate trials at 10 ppm. Furthermore, we note that Amberlyst-15 does not affect the array response to H 2 O 2 or the other oxidants but dramatically changes the array response to TATP vapor (due to its acid catalyzed decomposition), which provides additional discrimination between TATP vapor and other oxidants (SI Figure S9) .
While the laboratory studies reported here made use of inexpensive flatbed scanners for imaging, we have recently constructed a fully functional prototype hand-held device, as shown in SI Figure  S10 , which has a 3-fold improved S/N compared to the flatbed scanners. Combined with a low dead volume cartridge (SI Figure  S11) , a hand-held device could present a rapid, inexpensive, and highly sensitive method for portable monitoring of TATP vapor, e.g., for screening of luggage.
In conclusion, we have created a simple, disposable colorimetric sensor array that is capable of sensitive and semiquantitative detection of the vapor phase of the primary explosive TATP with limits of detection below 0.02% of its saturation vapor pressure. The array is highly selective for TATP, is unaffected by changes in humidity or by the presence of many common potential interferents, and can differentiate TATP from other chemical oxidants.
